In this study, a TiN/HfN-coated tool (THN-HF(L)) was developed to improve the processing efficiency of machining austenitic stainless steel. Using scratch tests, this tool was compared with other film-coated tools, and its critical load showed the highest value. The THN-HF(L) tool, whose film was formed in the low bias voltage condition, has a longer tool life than conventional tools. In high-speed cutting (4 or 5 m/s), its tool life is over 20 km. Even though the THN-HF(L) tool's cutting distance surpasses that of conventional tools, adhesion is controlled, and flaking of the film coating on the cutting edge is not observed.
Introduction
Stainless steel, which is one of the difficult-to-cut materials to machine, is excellent in toughness at room temperature and corrosion resistance. It is used in many applications, such as medical devices and food manufacturing equipment. However, stainless steel has certain material characteristics, such as low thermal conductivity, a high work-hardening rate, and a high affinity to tools, that promote adhesion to the tool's cutting edge during high-speed cutting conditions. For example, the wear resistance of conventional coated tools is inferior at high cutting speeds due to oxidization of the film coating. Since adhesion is taken away from the cutting edge, flaking of the coating and chipping occur at the cutting edge. Ultimately, serious damage can occur at the cutting edge and results in a shorter tool life (1) .
On the other hand, the development of coated technology has been advanced such as the wear resistance and the adhesion resistance. Especially, the new approaches were used in order to improve the wear resistance and heat resistance of the coating. For example, the addition of substitutionary elements such as Cr (2) ,Si (3) ,B (4) , SiC (5) , and the nanocomposite coatings such as TiAlSiN (6) and TiSiN (7) , and the super-multi layered coating with nanometer layers such as TiAlCrN/WN (8) , (Ti,Al)N/SiN (9) . Recently, PVD coated cemented carbide tools have been used to cut stainless steels, and a CrN-type coating (10) has been developed to minimize tool damage. A cutting speed of 3 m/s is recommended in turning stainless steel, at which these coated tools show a relatively long tool life. However, sufficient tool life is still not achieved at higher cutting speeds. For this reason, the development of a newly coated tool that can be used for high-speed cutting is strongly desired. In this research, a TiN/HfN-coated tool with excellent heat resistance is developed, and its high-speed cutting performance is investigated on machining of stainless steel.
Experimental procedures

Turning test
In this study, an austenitic stainless steel (JIS-SUS304) workpiece was used, and its chemical composition is shown in Table 1 . The geometry of the workpiece was a cylinder of 200 mm length and 60 mm diameter. The cutting tools tested are shown in Table 2 . The PVD-coated tools had two layers of film over a cemented carbide (K10) as the substrate material (11) - (12) . Fig. 1 . The total film thickness of any tool was about 2 µm, and the film thicknesses of TiN and HfN, which constitute the super-multilayer film, were 20 nm. For comparison, a TAN-CR tool was also used, which had a (Cr,Si)N film (13) over a TiAlN film. Moreover, the substrate material was polished using 3 μm diamond paste before coating, and stabilization of the substrate material was attained (14) . The tools were throw-away type of diamond shaped inserts and tool geometries were (5, 5, 5, 5, 10, 1, 0.8). Turning tests were conducted under the conditions shown in Table 3 . These cutting tests were performed at various cutting speeds between 3.0 and 6.0 m/s with a constant feed rate of 0.15 mm/rev and a depth of cut of 0.2 mm. An emulsion type coolant (1:20 dilution ratio) was used as the cutting fluid and was poured on the rake side of the tool with a supplying pressure of 5 MPa. The tool life was determined by measuring the flank wear width (VB), the notch wear width (VN), and failure. Figure 2 shows the definition of VB. VB was the mean distance between the initial cutting edge and the front of the worn portion. And the tool life is amounted to 0.2 mm.
Scratch test
In order that the difference in bias voltage may affect the adhesiveness of a coating film (15) - (16) , the scratch test was used to evaluate film adhesion intensity. Figure 3 shows a schematic illustration of the scratch test equipment. The scratch tests were conducted under the conditions shown in Table 3 Cutting conditions of turning test 
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Vol. 6, No. 6, 2012 indenter (at a 90-degree angle) with a tip curvature radius of 0.5 µm, which moved at a speed of 0.2 mm/s. The scratch test was performed at load intervals of 0.1 N from 1.0 to 2.0 N. The load was defined as the critical load (Lc) when it produced a continuous scratch mark in the circumferential direction. All the conditions were carried out 5 times.
Property measurements
The friction coefficient was measured using the pin-on-disk method at a linear velocity of 25 mm/s and a load of 0.5 N. The micro-vickers method was used to measure the work-hardening layer of the machined surface. Figure 4 shows the cutting temperature measurement method. Turning is reproduced with the fly-cut system using a machining center (17) - (18) . Cutting temperature was measured using a thermocouple between ceramic coated alumel wire with diameter of 0.1mm in a V-slot in the SUS304 workpiece. Subsequently, the thermal electromotive force was converted into cutting temperature using the calibration curve of the alumel-SUS304 thermocouple obtained by prior measurement. Table 4 Conditions of scratch test 
Experimental results and discussion
Influence of bias voltage on film adhesion intensity
The scratch test was performed as an initial evaluation before the cutting experiment to clarify the film adhesion characteristics of the developed coated tool. Figure 5 shows a critical load comparison of the three TiN/HfN-coated tools, which differed in bias voltage. As shown in the figure, the critical loads of the THN-HF(L), THN-HF(M), and THN-HF(H) tools are 1.9, 1.5, and 1.3 N, respectively; the critical load of the THN-HF(L) tool (low bias voltage) is higher than that of the THN-HF(M) and THN-HF(H) tools. Figure 6 shows SEM images of the film coatings and EDX analysis of the THN-HF(L) and THN-HF(M) tools after scratch test on 1.5N. In the case of THN-HF(M), severe flaking is observed around the scratch mark. The component of the cemented carbide which is a substrate material is detected. On the THN-HF(L) tool, although droplet and hole defects exist, only a scratch mark is observed without flaking. And it can confirm that only a coating component is detected from scratch mark. It is clear that the film adhesion intensity of the THN-HF(L) tool is excellent compared with the other tools. Journal
The cutting edges of the coated tools were observed after turning. SEM images of the tool edges after cutting length of 100 m are shown in Fig. 7 . The THN-HF(L) tool, which had a high critical load in the scratch test, shows uniform initial wear and can cut continuously. In the case of the THN-HF(H) tool, significant flaking of the film coating is observed on the tool face, clearly indicating inferior film adhesion characteristics; the damage form of the THN-HF (M) tool was similar. In the above results, the flaking of the film is attributed to large residual stresses in the film coating from the high bias voltage conditions (19) - (20) .
Influence of cutting speed on tool life
Turning tests were performed at various cutting speeds to investigate the influence of cutting speed on tool life. Both the THN-HF(L) tool, which did not flake during the initial cutting stage, and the TAN-CR tool were used in this study. Figure 8 shows the relationship between cutting speed and tool life. Here, on all the cutting conditions, not a width of flank wear land but the failure finally produced near a notch wear has determined the tool life.
As shown in Fig. 8 , the TAN-CR tool's life was longest at a cutting speed of 3.0 m/s and lasted for 30 km. However, the tool life at a cutting speed of 4 m/s was extremely short and only lasted for 8 km. Moreover, the tool was not usable above this cutting speed because failure of the cutting edge occurred in the initial cutting length. On the other hand, the tool life of the THN-HF(L) tool at a cutting speed of 3 m/s was 42 km. The tool life approached 34 km at a cutting speed of 4 m/s, at which the TAN-CR tool had a short life. Furthermore, the tool life was 20 km at the high-speed cutting condition of 5 m/s. Therefore, an extension of tool life is possible using the newly developed coated tool (THN-HF(L)). 
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Vol. 6, No. 6, 2012 In order to clarify this cause, the wear mode of the cutting edge at a cutting speed of 4 m/s was investigated. Figure 9 shows a comparison of the cutting edges of both tools after a cutting length of 8 km. Failure near the notch wear part limited the tool life of the TAN-CR tool. Moreover, flaking of the film coating is observed along the cutting edge, and the flaked portion of the flank wear face is covered with girdle-like adhesion. On the other hand, failure near the notch wear part is not observed in the case of the THN-HF(L) tool. It is clear that the flank wear width is uniform and advances gradually. Moreover, the film coating near the cutting edge is kept uniform without flaking, and adhesion is barely observed at the cutting edge. The few adhesions that do exist appear as variations in surface roughness in the valley portion of the surface profile. However, overall, the THN-HF(L) tool shows a smooth surface profile.
To clarify the influence of adhesion resistance on tool life, the friction coefficient between the film coating and austenitic stainless steel, which is considered to be one of the factors of the adhesion phenomenon, was measured using a pin-on-disk system. Since the second layer of film wore out during the initial cutting stages, the evaluation material was based on the first layer. The evaluation material for the THN-HF(L) tool was TiN/HfN film, and that of the TAN-CR tool was TiAlN film. Figure 10 shows that the friction coefficients of the TiN/HfN and TiAlN films are 0.19 and 0.38, respectively. The friction coefficient of the TiN/HfN film is low, and the workpiece material does not adhere to the film coating 
Vol. 6, No. 6, 2012 easily. Therefore, the friction coefficient is thought to control adhesion at the cutting edge. From the above results, an extension of tool life is possible using the newly developed coated tool (THN-HF(L)) with a TiN/HfN film, and it is obvious that the cutting speed range is improved to include high-speed cutting.
Examination of tool damage mechanism and damage factor
In Fig. 8 , the THN-HF(L) tool showed prolonged tool life compared with the TAN-CR tool, which became clear at the high-speed cutting range. However, the tool life of the THN-HF(L) tool also shortened as cutting speed increased. An SEM image of a typical cutting edge after being used at a cutting speed of 4 m/s is shown in Fig. 11 . This figure confirms that the film element is detected in part of the main cutting edge (left-hand side of the figure) and that flaking does not occur. On the other hand, failure originates at the notch wear (right-hand side of the figure) and limits the tool life. The same pattern was observed at other cutting speeds. Figure 12 shows the damage of the notch wear part due to the increase in cutting length at a cutting speed of 4 m/s. Figure 12(a) shows the area near the notch wear part at a cutting length of 12 km, where the substrate material of the notch wear part became exposed. If the cutting length increases, adhesion will occur at the exposed substrate material, as shown in Fig. 12(b) . Furthermore, if turning continues, the damage of the film coating near the notch wear part will increase and a damage part is expanded, as shown in Fig. 12(c) . From the above results, it is clear that the cutting edge near the notch wear part receives the damage with the cyclic occurrence of adhesion and spalling according to the advancement of notch wear, and finally cutting edge is failure. To investigate the advancement of notch wear, the calculated wear rate at each cutting speed is compared in Fig. 13 . It is clear that the notch wear rate increases with cutting speed, which causes the tool life to shorten. To clarify this relationship, the work hardening of the workpiece material and the cutting temperature of the tool were investigated. Figure  14 shows the relationship between the depth from the machined surface and the hardness of the workpiece material to clarify the influence of cutting speed on work hardening. The hardness of the machined surface at any cutting speed is 1.5 times the substrate material hardness (HV200). However, it is difficult to consider this as a main factor because the effects of cutting speed are not apparent.
Subsequently, the cutting temperatures at cutting speeds of 3 and 5 m/s were measured. The results are presented in Fig. 15 and indicate a temperature of about 980 K at a low cutting speed of 3.0 m/s. On the other hand, cutting temperature is clearly high (1300 K) at a high cutting speed of 5 m/s. Because this experiment involves wet turning, the thermal gradient between the notch wear part and the rest of the tool becomes large. For this reason, damage may occur in the film coating. Furthermore, since a remarkable adhesion wear is easily generated by the high cutting temperatures in the high-speed cutting condition, failure of the notch wear part occurs at an early stage and shortens tool life. 
